The formation process of zeolite A (Linde Type A) was monitored inline at 1.5 L scale by Photon Density Wave (PDW) spectroscopy as novel process analytical technology for highly turbid liquid suspensions. As a result, the reduced scattering coefficient, being a measure for particle number, size, and morphology, provides distinct process information, including the formation of amorphous particles and their transfer into crystalline zeolite structures. The onset and end of the crystallization process can be detected inline and in real-time. Analyses by powder X-ray diffraction and electron microscopy, based on a sampling approach, support the interpretation of the results obtained by PDW spectroscopy. In addition, the influence of the molar water content was investigated, indicating a linear increase of the time needed to reach the end of the zeolite A crystallization with increasing molar water content. Further experiments indicate a strong influence of the silica source on the course of the crystallization. The applicability of PDW spectroscopy under even more demanding chemical and physical conditions was investigated by monitoring the synthesis of zeolite L (Linde Type L).
Introduction
The first synthesis of a zeolite was reported by St. Claire Deville in 1862 for levynite [1] . Almost a century later, first industrial amounts of zeolites were made available by Union Carbide in 1954, providing a few hundred tons per year in the late 1950s [2] . Other companies such as Mobil Oil, Grace, and Henkel followed in the 1960s and 1970s [3] . Zeolite A, X, Y, and ZSM-5 are currently the commercially most important zeolites. The annual production of synthetic zeolites was estimated to 2·10 6 tons per year for 2009 [4] .
In spite of the mega ton scale, the global multi-billion dollar market [4] , and their diverse applications, synthetic zeolites are still produced or crystallized batch-wise without using inline process analytical technologies (PAT), apart from measuring temperature, pressure, or conductivity. The current analytical approaches for zeolites are based on offline, cost-intensive, and time-consuming techniques, such as element analysis, powder X-ray diffraction (XRD), scanning electron microscopy (SEM), physisorption characterization, and light scattering [5] . In many other sectors of the chemical industry, PAT are frequently applied [6] [7] [8] including crystallization process monitoring [9] . However, options for inline sub-micrometer particle or droplet sizing in concentrated systems are limited. In general, inline PAT has the potential to gain additional or faster process insight, to improve product quality (e.g., by quickly detecting process deviations), and to speed up production (e.g., by reducing cycle time and increasing space-time-yields) [6] .
In the past, efforts to analyze the crystallization of zeolites in realtime have been undertaken on the lab scale with focus on mechanisms rather than particle size. Different analytical methods, such as electrochemical methods/conductivity [10, 11] , viscosity measurements [12] , calorimetry [13] , spectroscopic methods [14] (IR [15, 16] , Raman [17] [18] [19] , NMR [20, 21] , X-Ray absorption (XANES, EXAFS) [22] ), mass spectrometry [23] , and X-ray powder diffraction (XRD) [24] [25] [26] as well as X-ray scattering (SAXS, WAXS) [22, [27] [28] [29] , have been employed. To the best of our knowledge, only two publications report on inline spectroscopic methods applicable in pilot or production scale (IR spectroscopy [30] , Raman spectroscopy [31] ), whereas all others are based on specially designed at-/off-line measurement cells or sampling approaches for zeolite characterization.
The real-time, inline or online characterization of zeolite syntheses is intrinsically challenging due to the typical processing conditions, i.e., high temperatures (often above 150°C), high alkalinity (often pH ≈ 14), high turbidity (intrinsic to crystallizations), strong stirring, and a potentially high degree of inhomogeneity, as well as concerns of material deposition on process probes (so-called probe fouling). In this work, a novel approach to monitor zeolite synthesis inline and in real-time by means of Photon Density Wave (PDW) spectroscopy [32] [33] [34] [35] is reported. PDW spectroscopy is an inline PAT capable of calibration-free quantification of light absorption and light scattering in highly turbid, highly concentrated liquid suspensions, even under strong stirring conditions. The experimental results are expressed as absorption coefficient (μ a ) and reduced scattering coefficient (μ s '), being the absolute optical properties of the turbid material. While μ a is linked to the chemical composition (Lambert-Beer law) of the suspension, μ s ' is linked to the size, concentration, and morphology of the suspended particles. Recently, PDW spectroscopy has been applied successfully to cooling crystallization processes prone to process probe fouling with mass fractions of 60% [36] .
Based on Mie theory [37] and theories for so-called dependent light scattering [32] , particle sizes can be obtained from the reduced scattering coefficient. However, here the focus is put on the systematic evaluation of the fundamental applicability of PDW spectroscopy with respect to the monitoring of the optical properties during the synthesis of zeolite A (Linde Type A, LTA). In addition, first experiments using PDW spectroscopy during zeolite L (Linde Type L, LTL) synthesis were performed, representing even more challenging process conditions.
Experimental

Materials
Sodium aluminate anhydrous (technical), sodium hydroxide (≥98%), LUDOX ® HS-40 colloidal silica (40 wt%), and tetraethyl orthosilicate (TEOS, ≥ 99.0%, GC) were purchased from Sigma-Aldrich. Aerosil ® OX-50 (100%) was purchased from Evonik Industries. Sodium metasilicate pentahydrate (pure) and nitric acid (65%) were obtained from Carl Roth. The purity of sodium metasilicate pentahydrate was assumed to be 100%. For further calculations, the composition of the sodium aluminate was taken from the certificate of analysis (57% Al 2 O 3 , 38% Na 2 O). All chemicals were used as received.
Zeolite synthesis
For the synthesis of zeolite A a verified procedure was followed [38] . Sodium hydroxide was dissolved in 850 mL of ultrapure water (conductivity 0.055 μS/cm). Half of the sodium hydroxide solution was used to dissolve the sodium metasilicate pentahydrate (silica solution). Sodium aluminate was dissolved in the other half of the sodium hydroxide solution (aluminate solution). The aluminate solution was then filtered by means of a cellulose filter (Whatman Grade 2) and vacuum to obtain a visually clear solution. The loss of water was compensated accordingly. The aluminate solution was transferred into a 1.5 L stainless steel autoclave with PTFE inliner (ecoclave Type 3, 1.5 L, Büchi AG, Uster, Switzerland) and stirred with 500 rpm at 25°C using a PTFE propeller with three 45°angular blades (BOLA Propeller Stirrer Shaft C 378, Bohlender GmbH, Grünsfeld, Germany). After reaching 25°C, inline monitoring with PDW spectroscopy and recording of the relative torque of the stirrer was initiated. After another 5 min, the silica solution was added within 1 min. The molar composition of the resultant reaction mass was 3.165 Na 2 O: 1.00 Al 2 O 3 : 1.926 SiO 2 : x H 2 O with varying molar water content (x = 128, 200, 250, and 300 mol H 2 O per mole of Al 2 O 3 ). The reaction mass was stirred for 5 min at 25°C, then the jacket temperature of the autoclave was set to 100°C. The reaction time was varied between 3 and 20 h. The reaction mass was subsequently allowed to cool to 30°C before filtration. After filtration, the zeolite was washed with boiling ultrapure water until the filtrate reached a pH < 9. The material was dried overnight under vacuum (100 mbar) at 80°C. The procedure for the synthesis of zeolite L is described in the Supplementary Information.
For offline analysis, 10 mL samples were directly taken out of the reactor by means of a plastic pipette and were added to 40 mL of cold ultrapure water. The suspension was immediately filtered and the solid was washed with ultrapure water until the washing solution reached pH ≈ 8. After each synthesis, the PDW spectroscopy process probe as well as the reactor were cleaned overnight with 1 mol/L of nitric acid at 25°C. The entire system was then rinsed with ultrapure water until the washing solution reached pH 7.
Photon Density Wave (PDW) spectroscopy
PDW spectroscopy is a light scattering technique based on photon transport theory in multiple light scattering environments and is therefore especially suitable for highly turbid systems. Experimentally, intensity-modulated light is inserted with an optical fiber acting as a point-like light source in a strongly light scattering and weakly absorbing material, such as a zeolite suspension. Due to absorption and multiple scattering of the intensity modulated light, a PDW is created inside this suspension. As function of emitter/detector-fiber distance and modulation frequency, shifts of the amplitude and the phase of the PDW are characterized experimentally. More details on the theoretical background are found elsewhere [32] .
The PDW spectrometer is self-built. The most relevant parts consist of a vector network analyzer (VNA) (ZNB4, Rohde & Schwarz GmbH & Co. KG, Munich, Germany) as main analytic tool. The VNA generates a sinusoidal electrical high-frequency signal, which is combined with the laser current via a BIAS-T (ZFBGT4R2GW, Minicircuits, Brooklyn, NY, USA) to generate a high frequency modulated laser current. Thus, the laser diodes (e.g., from Thorlabs GmbH, Dachau/Munich, Germany) emit intensity-modulated light, which is coupled into an optical fiber (HCPM0600T, Laser Components GmbH, Olching, Germany) and guided into the suspension (emission fiber). Seven detection fibers, each positioned in different distance to the emission fiber, are integrated in a custom-made stainless steel process probe of 25 mm diameter. A photograph of such a process probe is shown elsewhere [36] . The detection fibers guide light out of the suspension and onto an avalanche photo diode (APM-400P, Becker & Hickl GmbH, Berlin, Germany) as detector. The resulting signal is then analyzed by the VNA with respect to changes in phase and amplitude. The general setup concept of a PDW spectrometer is depicted elsewhere [32] . The spectrometers currently are of a similar dimension as a "mobile file cabinet" and the process probe is equipped with an approx. 10 m fiber optical conduit to spatially decouple the spectrometer and the process probe.
As experimental parameters, two different wavelengths of λ = 636 and 914 nm were used in consecutive measurements. 41 modulation frequencies within the typical range of 10-310 MHz and 7 fiber distances within the typical range of 5-13 mm were characterized.
Functionality and performance of the PDW spectroscopy process probe were tested after each synthesis. For this purpose, the optical fibers were visually inspected for damage and a photographic image of the process probe was taken for comparison. The performance of the process probe was checked by measuring commercially available milk with 3.5% fat [39] . Significant damages typically cause off-target optical coefficients for the milk sample. No such damages were observed after the zeolite A syntheses.
For the determination of the optical coefficients during zeolite synthesis, an estimation of the refractive index and the density is sufficient for PDW spectroscopy raw data analysis. A refractive index n = 1.45 and density ρ = 1.99 g cm −3 [40] was used for zeolite. Once particle size analysis will be developed for zeolite synthesis, these parameters need to be characterized in more detail.
Characterization of zeolite samples
Powder X-ray diffraction (XRD) data was collected on a diffractometer (STOE STADI P, STOE & Cie GmbH, Darmstadt, Germany) in transmission mode with a Ge monochromator and MoKα radiation. The resulting diffractograms of the zeolite A samples were compared with the IZA database [41] . Scanning electron microscopy (SEM) images (FEI Quanta FEG 250, FEI Company, Hillsboro, USA) were collected after sputtering the samples with gold. Fig. 1 displays the reduced scattering coefficient μ s ' observed during the course of three equivalent zeolite A syntheses. All three syntheses show a similar temporal development of μ s ' at both laser wavelengths, with the μ s ' value being higher at 636 nm. This is in agreement with the typical light scattering properties of particles [33] . These results indicate that zeolite A syntheses can be monitored with PDW spectroscopy inline and in real-time. It is essential to accompany inline data with process data (see Supplementary Information) . Examination of the process data reveals differences between the three syntheses, which might explain the slightly different development of μ s ' during the first hours. PDW spectroscopy is in general a method of high precision, based on referencing against light scattering theory and other particle sizing methods [32, 33] . For the processes investigated here, also the absorption coefficients μ a display changes and variations at both wavelengths within these first hours of synthesis (Fig. S2) . It needs to be evaluated in more detail to what extent process variations can be limited by improved process development and if such improvements would be reflected also by the optical coefficients. In the following however, only the results for the reduced scattering coefficient obtained at 636 nm are discussed, because the light scattering effects are more pronounced at shorter wavelength and a relation to offline reference analysis is intended. The following interpretation of the development of the reduced scattering coefficient during zeolite A formation is based on common behaviour of light scattering in concentrated suspensions and supported by offline reference data from SEM and XRD. A complete interpretation of μ s ' would require model development which is not within the scope of the present work.
Results and discussion
Zeolite A syntheses monitored by inline PDW spectroscopy
The reduced scattering coefficient μ s ' increases rapidly at the start of the synthesis. This is due to the particle formation and the concomitant increase of turbidity in the reaction mass when adding the silica solution to the aluminate solution. Initially, μ s ' increases constantly for about 1.2 h, followed by an even faster increase until reaching a maximum after approximately 2 h. This increase is connected to the particle formation and growth, until a critical point in time at which light scattering starts to decrease rapidly. This critical time is interpreted as the start of crystallization and is therefore referred to as crystallization onset (CO). The CO is followed by a rapid decrease of μ s ' to a constant level, which does not change until the reaction mass is cooled. A constant value of μ s ' implies that no change in particle size, number, and shape occurs, thus indicating the end of the zeolite formation. The point in time at which μ s ' starts to remain constant can be referred to as the crystallization end (CE). For the investigated experimental conditions, the CO occurred after about 2 h and the CE after about 3.5 h (Fig. 1) . To provide evidence that the formation of zeolite A crystals begins with the CO, six samples (S1 to S6) were collected for analysis by SEM and XRD. The reduced scattering coefficient as a function of time and the sampling points are shown in Fig. 2 with a SEM image of the final product after a synthesis time of 20 h. SEM images of the in-process samples S1 to S6 are displayed in Fig. 3 .
The SEM images of the samples S1 to S3 only show small agglomerated alumosilicate particles. The first larger particles with the typical cubic shape of zeolite A crystals can be seen on the SEM image of The respective process data is given in Fig. S1 . sample S4. The in-process sample S4 was taken at the point associated with the CO when μ s ' reached its maximum value. These observations support the hypothesis that the zeolite A formation features a specific delayed onset and is not directly initiated when mixing the silica and aluminate solutions [42, 43] . Sample S5 was taken after μ s ' remained constant and may be attributed to the CE. Only cubic zeolite A crystals can be identified in the SEM image of sample S5, indicating that the crystal formation is indeed completed when μ s ' reaches a constant value. This is further supported by the SEM image of sample S6, which exclusively shows cubic zeolite A crystals. The initial formation of spherical amorphous alumosilicate particles from which the zeolite A crystals are formed after a certain period of time has been described previously [42, 43] .
An explanation for the decrease of μ s ' after the peak at the CO might be the reduced number and larger size of the particles due to the zeolite formation in comparison to the small-scale alumosilicate particles. With respect to μ s ' of a suspension having a given mass fraction, such larger particles scatter light less than the smaller particles. Depending amongst other factors on refractive indices, mass fractions, and wavelength, this effect starts to occur for particle diameters larger than half of the experimental wavelength [33] . The drop in light scattering observed here may represent the transformation of amorphous particles to zeolite A crystals.
Further evidence for the transformation from amorphous to crystalline structure for these particular samples S1 to S6 is provided by powder XRD data (Fig. 4) . For the samples S1 to S3, the diffractograms do not contain any specific reflections. For sample S4 the distinctive reflections of zeolite A are already visible and thus can be attributed to the CO.
Inline monitoring of zeolite synthesis is generally difficult due to high turbidity and high alkalinity in combination with high temperature. To evaluate the stability of the PDW spectroscopy process probe, tests were run after each synthesis. Even after more than 20 zeolite A syntheses lasting about 200 h overall, no damages to the probe were found, both visually and in terms of performance during the tests with milk samples.
Effect of water content and silica source on zeolite A crystallization
In another set of experiments the effect of the molar water content was evaluated while keeping the volume of the reaction mass constant.
The experiments summarized in Fig. 5 show the progression of μ s ' for different water contents. It can be observed that the temporal development with respect to the sharp peak as seen in Fig. 1 changes. Instead of this peak, rather longer lasting plateaus at maximal light scattering are observed per level of molar water content. For the molar water content of x = 128, 200, and 250 mol of H 2 O per mole of Al 2 O 3 , the maximal reduced scattering coefficient decreases in this order. A tentative interpretation could be a longer existence of amorphous precursor particles, causing an increased delay of the transformation into crystalline zeolite structures. Here, with increasing molar water content, the CE is delayed. If the time to reach the CE is plotted as a function of the molar water content (Fig. 5, right) , a linear trend is observed. According to XRD data, zeolite A was obtained in all six syntheses. For a molar water content of x = 300 mol of H 2 O per mole of Al 2 O 3 a secondary crystalline phase was detected. The decrease of the signal intensity of μ s ' with increasing molar water content is based on the reduced amount of solid content, since the volume of the reaction mass was kept constant throughout all syntheses. It is known from previous studies that the crystallinity is influenced by the amount of water [44, 45] . However, to our knowledge, a linear trend of CE with respect to the molar water content has not yet been observed.
Another well-known factor determining the outcome of a zeolite synthesis is the type of silica source [46] . Fig. S3 .
Zeolite L synthesis monitored by inline PDW spectroscopy
The synthesis of zeolite L (Linde Type L, LTL) represents even more chemically and physically challenging conditions for inline PAT [47] . Pressure (6 bar), temperature (160°C), alkalinity (pH 14), and duration (42 h) pose significant challenges for the optical components of process probes for inline spectroscopy. First results indicate that zeolite L syntheses can be monitored by inline PDW spectroscopy in real-time (see Supplementary Information). However, after a few syntheses, the optical fibers of the process probe started to deteriorate (glass dissolution due to high pH, temperature, and pressure) so that data of decreasing quality were obtained. Either a process probe suitable for the demands of PDW spectroscopy and suitable for the conditions of zeolite L synthesis have to be developed or a "single use" approach for the process probe needs to be adopted.
Conclusions
Photon Density Wave (PDW) spectroscopy is suitable for real-time inline monitoring of zeolite synthesis, showing characteristic trends of the reduced scattering coefficient for different systems. The data obtained for the synthesis of zeolite A suggests that small spherical amorphous alumosilicate particles form quickly after mixing of the silica and aluminate solutions. These particles are transformed to zeolite A crystals after a certain amount of time. The onset of the zeolite A crystallization is, according to first indications, the moment at which the system exhibits maximum light scattering. Due to the formation of zeolite A crystals, the reduced scattering coefficient subsequently decreases rapidly and reaches a constant value. It is assumed that the crystallization is complete after reaching a constant reduced scattering coefficient.
A linear trend of the time to reach the end of zeolite A crystallization (CE) in dependence of the molar water content was observed. The results obtained so far provide a promising basis for further experiments regarding inline monitoring of zeolite syntheses. In particular, future work will need to focus on the model development for inline particle size analysis based on the reduced scattering coefficient from PDW spectroscopy. The ability of PDW spectroscopy to determine the endpoint of zeolite synthesis in real-time has the potential to reduce cycle time, increase space-time-yield, and avoid time-consuming in-process sampling. In an industrial context, reduction of cycle time means reduction of operational cost (increasing margin) or additional capacity (avoiding investment). Considering the mega ton scale of annual zeolite production, inline PDW spectroscopy thus can influence the efficiency of industrial zeolite production. 
